Growth kinetics of silicon liquid phase epitaxy (LPE) from metal solutions was studied in pursuit of devicequality layer formation on cast, metallurgical-grade silicon (MG-Si) substrates for solar cells. We report that a mixture of AI and Cu as a solvent for Si enhances solution wetting to the substrate by AI-Si02 reaction, and generates isotropic growth and macroscopically smooth surfaces due to its high solvent power. This solvent system also controls AI incorporation into the layer by proper AI and Cu compositions in the solution. The layer growth rate was calculated with a rough interface/diffusion boundary layer model and was found to be in good agreement with experimental results, indicating only a small boundary layer (-0.1 cm) and a silicon diffusivity of -2~1 0 .~ cm2/s in the liquid. The thin layer (-30 p n ) grown on the MG-Si substrate has a minority-carrier diffusion length greater than the layer thickness.
INTRODUCTION
Thin crystalline silicon solar cells made of directly deposited material on low-cost substrates is an attractive concept being pursued by many groups. Over 85% usable AM1.5 radiation can be absorbed by a 30 pm thin layer even without any light trapping scheme. Growing good quality thin-layer crystalline silicon, however, has not been easy. Silicon growth by LPE on cast MG-Si substrates is one of the most promising approaches and has the advantages of fast growth rate, relatively low temperature, excellent crystallinity, and perfect lattice match between the layer and the substrate. Although there have been many recent reports about LPE growth of Si on singlecrystal sustrates [l-31, difficulties remain for growth on the MG-Si substrates [4] . First, the regular approach in LPE to initiate growth by solvent etch-back is not applicable for low-purity substrates. Second, anisotropic growth behavior causes 11 11) faceting, rendering the grown layers of off-<111> oriented grains excessively rough for device processing [5] . The lack of a rate-limiting model also prevented us from gaining insights into the growth process.
Here, we present the results of thin-layer silicon growth using different metal solvents to investigate surface cleaning and interface kinetics in LPE, and a layer growth rate model that yields information such as silicon diffusivity in the growth solution and diffusion boundary layer thickness. These kinetics studies lead to devicequality thin-layer growth on MG-Si substrates.
EXPERIMENTAL
The LPE setup is a vertical dipping system with an open pull port continuously purged with Ar [l] . Metal solvents (Cu, In, AI, In-Cu, and AI-CU) with purity greater than 99.999%, and saturated with solute silicon at about 92OoC, were contained in a quartz crucible and were heated by induction. The substrates used include singlecrystal, multicrystal, and cast MG-Si wafers with either lapped or polished surfaces. Carefully tuned computer PID control maintains the temperature within +O.IoC of the programmed ramping setpoint. The open pull port allows sequential dipping of samples. After a layer is grown, it is etched in Aqua Regia (3 HCI:I HN03) for 30 minutes to remove any residual metal solvents. The surface morphology is examined with atomic force microscopy (AFM) and scanning electron microscopy (SEM). For layer thickness measurements, we grow layers on highresistivity, single-crystal substrates and measure the sheet resistance of the layer.
NATIVE OXIDE REMOVAL
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For SiISi homogeneous epitaxy, if the substrate surface is clean and not atomically flat, the arriving silicon atoms or clusters would require no extra driving force to attach to the substrate than during the subsequent growth process. But in a practical environment, the substrate surface usually has a thin native oxide layer. This layer will present a barrier for the initial growth to take place. The result is poor wetting between the solution and the substrate and, consequently, incomplete coverage. An example is the growth using Cu-In solvent (see Fig. 1 ).
This thin oxide layer can be removed by HCI or H2 gas phase in-situ cleaning at the growth temperature. But for the open system design for semi-continuous operation, these gases present either health or safety hazards. High termperature and high vacuum baking is obviously not feasible either. Partially dissolving the substrate (etchback) by raising the melt temperature before growth will automatically remove the native oxides and result in continuous growth (see Fig. 2 ) as used regularly in Ill-V compound semiconductor LPE growth. With low purity substrates such as the metallurgical-grade siiicon, however, partially dissolving the substrates is not desirable as impurities in the substrate will enter into growth solution and incorporate into the layer. A better alternative is to use solvent itself as a cleaning agent. A thermodynamic calculation shows that AI is capable of replacing Si in SiO2, First WCPEC; Dec. 5-9, 1994,; Hawaii
where A@ is the standard free energy of formation. Thus, AI may be used to remove the oxide. Indeed, a continuous layer was grown from AI-Si solution without first partially dissolving the substrate (see Fig. 3 ). However, AI has a very high solubility (>1.!5x1 O ' ' C~-~) in silicon at the growth temperature of 900°-9:~OoC, causing too low a resistivity for good device performance [4] . But the effectiveness of AI in the melt on removi31 of native oxides is evident. Other metals, such as Mg and Ca also are capable of reacting with SOp; however, due to their complicated compound formation with silicon at the growth temperature and unknown effects on silicon material properties, we opt to use AI as a solvent component. For layer growth on multicrystalline substrates, isotropic growth is necessary because otherwise the uneven surface will make the siandard device processing difficult if not impossible. A layer grown from a 3%Si/97%ln solution shows a (1 11) faceted surface (see Fig. 4) , although the wetting was quite good after partially dissolving the substrate for surface oxide removal. This growth behavior is typical of multicrystalline substrates with dilute solutions (a few percent of silicon). [6] , the larger the entropy change of the phase transformation, and the larger the ratio of the number of nearest neighbors on the surface to that in the bulk, the closer the surface coverage is to either 0 or 1 where the free energy change is at minima, i.e., the closer the interface is to being atomically flat. For growth from solutions, the more diluted the solute is, the higher the entropy change for growth, leading to an atomically flat growth front. Such a situation is even more likely to happen in the growth of closest packed planes (large ratio of surface to bulk nearest neighbors), 11 1 I}, from diluted solution. AFM imaging indeed indicates a near atomically flat surface from In-Si solution (see Fig. 5 ). On the other hand, a rough interface would be present from concentrated solution, so that growth will not be limited to 2-dimensional lateral directions of 11 11) planes. Consequently, the anisotropic growth behavior will be suppressed. Therefore, to grow silicon isotropically requires a suitable solvent with high enough power to dissolve silicon at relatively low temperature and yet be able to remove native silicon oxides and control dopant incorporation. Such requirements can be fulfilled by using AI-Cu as a solvent. In Fig. 3 , we already saw the effect of AI on oxide removal, and AI can dissolve more than 30% of silicon at a growth temperature of 900'-920'C. Our previous work showed that Cu can be successfully used as a solvent with high power similar to AI without degrading solar cell performances [l] , and Cu can retain impurities in the melt. Combining AI with Cu would allow AI to react with surface native oxides and, Cu to partially restrain AI incorporation into the grown layers. It would also allow the freedom for AI composition adjustments and, most importantly, maintain the high solvent power needed for isotropic growth.
We successfully grew smooth layers on multicrystalline substrates from Si-AI-Cu solutions (see Fig. 7 ) shows a microscopically rough surface, consistent with the previous argument that isotropic growth would be the result of a rough growth interface.
Note that in Fig. 6 grooves -10 pm deep are formed along the grain boundaries. Detailed analysis indicates that the grooves were already generated in the substrate prior to the layer growth due to preferential etching by the solution at grain boundaries although there was no intentional etch-back. The LPE-grown Si layer around the grain boundaries has nearly the same thickness as in intra-grain areas. 
GROWTH RATE
If the interface is microscopically rough, then the interface kinetics will not be expected to be rate limiting for the growth process because of the abundance of available growth sites. Instead, the solute diffusion in a boundary layer of a thickness 6 (cm) which is dependent on melt convection would be the growth rate limiting step (see Fig. 8 ). In Fig. 8 , CO represents the starting solute concentration in the solution, and C, is the equilibrium concentration of the solute at the instantaneous temperature of growth.
With a quasi-equilibrium, linearly continuous cooling, and a rough interface, and assuming a large melt volume (CO constant), a stationary interface, and constant solute diffusivity, the one dimensional approximation will give the growth rate as 
MATERIAL PROPERTIES
A layer grown from a 23%Si/28%A1/49%Cu solution on a high resistivity single crystal Si substrate was characterized using Hall effect measurements. The
SUMMARY
In summary, AI-Cu has been found to be an ideal solvent for silicon LPE oin multicrystalline silicon substrates. It utilizes AI to remove native silicon oxides to improve wetting between the substrate and the growth solution while AI incorporation into the growing layer is controlled by the addition of Cu in the melt. From both Jackson's modeling and AFhA observations, the high solvent power of CU-AI leads to a microscopically rough solid-liquid interface, which in iurn eliminates anisotropic growth and results in macroscopically smooth layer growth on multicrystalline substirates. A model based on a rough interface and solute diffusion in a boundary layer is in agreement with experimental data. These results give us a better understanding of the growth mechanisms of LPE and lead to growth of good quality thin layers on low cost, MG-Si substrates for solar cells.
